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ABSTRACT

Common control strategiles used to regulate the flow of ligquid through
flat-plate solar collectors are discussed and evaluated using a dynamic
collector model. Performance of all strategies is compared using dif-
ferent set points, flow rates, insolatiocn levels and patterns (clear and
cloudy days), and ambient temperature conditions.

The wunique characteristic of the dynamic collector model is that it
includes the effect of collector capacitance. In general, capacitance
has a minimal effect on long term collector performance; however, short
term temperature response and the energy—-storage capability of the col-
lector capacitance are shown to play significant roles in comparing
on/off and proportional controllers. Inclusion of these effects has pro-
duced considerably more realistic simulations than any generated by
steady=-gtate models.

Simulations indicate relative advantages and disadvantages of both types
of controllers, conditions under which each performs better, and the
importance of pump cycling and controller set points on total energy
collection.

Results show that the turn~on set point is not always a critical factor
in energy collection since the collector stores energy while it is warm-
ing up and during cycling; and, that proportional flow controllers pro-
vide dimproved energy collection only during periods of interrupted or
very low insolation. Although proportional controllers initiate flow at
lower insolation  levels than on/off controllers, proportional



controllers produce lower flow rates and higher average collector tem—
peratures, resulting in slightly lower i1nstantaneous collection effi-
ciencies.

INTRODUCTION

Active solar heating systems are generally capitol intensive; therefore,
improvements which increasé system efficiency must do so with only a
small incremental initlal cost in ovder for them to help solar energy
compete with other energy sources. Since improved control strategies
and controllers may satisfy these criterila, researchers and manufactur-
ers have sought to evaluate and improve solar energy system controll-

ers[5,8,9,11,12,13,15,16].

Commercially available controllers for domestic heating systems include
both on/off and proportional control of the collector fluidl[16]. While
some manufacturers have advertised microprocessor based control systems,
none of these systems are cost effective, as yet, for residential solar
energy usage. On/off controllers have had the widest application due to
their simplicity and generally reliable operation. However, demonstra-
tion projects [2,3,,6,14] have shown that two problems can occur with
these controllers; 1) they can cause the civculating pump to cycle on
and off excessively and 2) improper selection of set points can cause
low system efficiency. In response to these problems some controller
manufacturers have marketed proportional flow controllers claiming
improved overall system efficiencies. This project was thevefore under=-
taken to determine the relative merits of proportional and on/off con-
trol so that solar manufacturers and designers will be able to improve

system efficiencies.
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DYNAMIC FLAT-PLATE SOLAR COLLECTOR MODEL

The Hottel-Whillier-Bliss (H.W.B.) collector model [7], as adapted by
Klein [10] to include the effects of capacitance, is used to describe
the operation of a flat-plate solar collector. The model is based upon
a heat balance on a tube and fluid element within a collector, where the
entire capacitance of the collector is lumped within the tubes and the
clrculating fluid. The heat balance is solved using numerical methods
on a digital computer to describe the circulating fluid’s temperature as
a function of time and space. The transient heat balance for a collec~

tor element of width WC is:

arf,x/ 3t = y[iF‘/cA)ES - UL(TfIX - Taﬂ m(ﬁcp/cﬁwc)(arf,x/axﬂ

(1)
SR NCIVER Y CI A C I ]

Wheres If ¥ = 1 pump is running
If Y = 0 punp 1s not running

CA is the weighted average of the total collector capacitance. This
equation is for a non-drain down collector. For a drain down system a
two lump model is required since the collector and fluid capacitance

would have to be treated separately.

The spatisl derivative is eliminated by breaking the collector into a
number of stirred tanks; thus, the time dependent temperature of the Nth
ncde 1s written:
e = v |(r s - o] 4+  (he /C,W Ax) (T, =T )]
at, /dt Y[(Y‘ /e Is = g g - )] lie,/CyWGb8) (T = T

(2)

+ (L= L(F‘/CA)[S - Uz(TfNG Ta)]}

This equation for 4 nodes was solved using the Parasol program [1] which
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solves differential equations through the use o0f the fourth-order
Runge~Kutta method. The Parasol program’s output is the fluid tempera-

ture at different positions and for discrete time intervals.

The model described by equation 2 is adopted for the following reasons:
1} It provides a simple and accurate description of
the transient temperature distribution in a
collector’s circulating fluid.
2) It included the effects of collector capacitance.
3) It is derived from a well established and
respected collector model.
4) Results it provides are usable and consistent

with known collector operation.
COLLECTOR PARAMETERS

To compare the wvarious control strategies using a collector computer
model, appropriate parameters must be used which represent a typical
flat-plate collector under the influence of common external conditions.
Although a multi-node model is used for the simulations, the single node
model is used to d@fine the parameters used. These parameters are then

scaled for use in a multi-node model.

In the limiting case of a single node model of the collector, equation
2, for flow conditions, can be written to demonstrate the functional
dependence of the collector temperature on 1) insclation and ambient

temperature, 2) fluid flow rate and 3) collector characteristics:

CpdT /at = (Kgain)f<t) * (Kflow)Tin - (Kflow)T

A Tout out



Where:

represents the collector’s gain from
insolation and losses to the environment

= F [Smax + ULT ]

K .
gain

K .
gain a,max

f(t) represents the time variation of the normalized
forcing function due to insolation and
ambient temperature

Kflow represents the fluid flow rate per unit area
flow mcp/Ac
Kpflow = ﬁcp/AC + F”UL ; since, F'Up, << ﬁcp/AC
Kflow approximately equals K¢y o

C, represents the collector/fluid capacitance per
unit area

By allowing Kgain and Keyjoy (and K'gyoy) O take on either HIGH or LOW

values while keeping all other parameters constant, the various control
strategies are compared based on a limited but comprehensive set of col=-
lector, meteorological, and flow wvariations which are used to define
limits of operation for a typical collector. The numerical values for

the parameters used are summarized in Table 1.

The dynamics associated with the storage tank and the piping are not
considered to be critical for comparative results; therefore, the col-

lector inlet temperature, Tin? is constant.

The solar day for all runs is 12 hours long with a peak insolation rate
reached at hour 6. For modeling of a clear day (vo iunterruptions of
insolation) the insolation rate, I, dis proportional to a sine wave with
a 24 hour period. For a cloudy day (the view of the collector intermit=
tently interrupted) the following equation, that was used by Closel4],

determines the insolation rate as a function of time, t, in hours:



1= (ImaX/Z)[sinift/12)][cos(éOTTt/IZ) + 1]

The ambient temperature, T , is proportional to a sine wave with a 24

hour period, the peak value 1s at the 9th hour of the solar day:

Ta =TO + T™M * gin(7¢e/l2 =7m /&) t = hours

COLLECTOR FLOW CONTROLLERS

The collection of solar energy 1s controlled by the flow of fluid
through the collector loop. Collector outlet and storage tank tempera-
tures are compared by a controller to determine the fluld flow rate.

The difference between the collector outlet temperature and the storage

tank temperature 1is known as AT and represents the temperature rise

across the collector.

On/0ff Flow Control

The on/off controller is a thermostat which turns the fluid circulation

pump either on or off based on AT. The flow rate (m) through the collec-

tor is defined by the following equations:

if AT < ATon and last flow = 0
0 or
] if AT < AToff
m =
a it AT 28T 00
m or

if AT 2 AT e and last flow =



Where:

AEOFf = temperafture difference between fluid outlet
N and inlet sufficilent to turn pump off.

Aion = temperature difference between fluid outlet
' and inlet sufficient to turn pump on.

The region between ﬁ@on and égoff is known as the hysteresis =zone.

Because of hysteresis on/off controllers have "memory" which limits pump

cycling.

Proportional Flow Control (with saturation)

In this type of feedback controller the fluid flow rate is varied as a
function of the temperature rise across the collector, Ags The advan-—
tages of proportional controlled system are: fluid circulates at lower

values of AT and pump cycling is minimized. The fluid flow rate

through the collector can be described with the following equations:

for AT =< ATOff

for T pp < AT < ATy

- .
for AT > ATmax

Where:

2

mC = maximum f£low rate

K = proportional flow constant equal to ratio of the
maximum flow rate to the temperature difference

required for maximum flow: K = B/ Alpax

Aimax = temperature rise across collector at which

flow rate saturates to its maximum

il

Aioff the temperature rise across the collector

sufficient to turn off the pump or the



minimum temperature rise across the
collector for which it is possible and/or

profitable to turn on the pump
DETERMINATION OF CONTROLLER SET POINTS

In determining proper controller set points there are two major con-
siderations: set points must be chosen to maximize energy collection and
minimize pumping power(or cost); and set points must be within the capa-
bility of the sensors used. The importance of sensor sensitivity and
location cannot be overstressed since these two concerns have caused

numerous problems in some solar installations.

The minimum temperature tvise across the collector required for maintain-
ing flow, Aioffg is the omne that realizes an energy value collection
rate equal to the energy cost of running the pump; therefore, Aioff can

be shown to equal:

(pumping power) (pumping cost)(heating system efficiency)

(£1luid capacitance flow rate) (heating cost) (pump efficiency)

This equation can be used for both on/off and proportional flow con-
trollers. If a higher value of Qﬂoff is used, say to meet sensitivity
requirements of an uncalibrated sensor, less energy will be collected
since the pump will turn on later, shut off sooner and cycle more than

NeCcCessary.

Unlike,@Ifo, only a range of values can be determined for A@on without

knowledge of specific weather conditions. To determine an optilmum range
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for Azon the steady-state H.W.B. model is used to analyse a solar col-
lector. The maximum practical value for Qﬁon would be one that insures
that the pump never cycles. That iss,égon is set so that after the pump
turns on at some level of absorbed insolation and ambient temperature
the temperature vise across the collector does not fall below Aﬁoffe
Control stability requires that the minimum_@jon be greater than.Aﬂoffa
Using these cyiteria it can be shown that the ratio of Qﬁon to ﬁgoff

should be greater than unity while less than the ratio of the capaci~-

tance flowrate to the approximate collector heat loss:

mo ff A FpUy,

For typical parametersféionﬁgioff is calculated to be less than thirty,

much larger than typical ratios of 2 = 7 wused in the solar indus-
try[2,16] that provide satisfactory results while allowing some cycling

at low temperatures or insolation levels.
CONTROLLER AND SET POINT COMPARISONS:

The controllers are compared on the basis of their performance with
respect to: collection efficiency, maximum steady-state efficiency, pump
running time and pump cycling. These comparisons are the results of
digital computer simulations using a time step of 0.001 hours for high
flow rates and 0.002 hours for low flow rates. The model is implemented

on a PDP 11/60 computer.

A total of six controllers are compared under 8 different sets of condi=

tions. The four on/off controllers have the following characteristics:
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20 g0 _ o o
A) A;ron = 5°C(9°F), Ag’rcff 1.7°C(3°m)
= o o - o]
B) Ar = 11.7°C(217F), AT g = 1.7°C
) Aﬂon = 59 with a “perfect® timer
D) ngn = 11.7°C  with a ‘perfect® timer

The proportional controllers have the following characteristics:

E) full flow at ,AEC = 5°C g‘éimaxﬁ #@off = 1.7°C

F) full flow at A@C

i

Op = B 0
11.7°¢ = Ar ., AT gp = 1.7°C

The set points were picked to represent upper and lower limits of values
used in industry and research. Timers are used to limit the amount of

cycling; therefore, the ‘perfect’ timer eliminates all pump cycling.

One day simulations of different control strategies indicate hcw\their
operation varies with different set points, timers, meteorological con-
ditions, and flow rates. Figure 1 shows a typical collector outlet tem-
perature history generated by the model for a morning of low insoclation.
Table II presents the collection efficiencies, pump running times and
amount of cycling for the different control strategies under the

assigned conditions.
RESULTS

For the clear day cases, the collection efficiency for all but one of
the controllers is approximately equal and not more than 7% below the

max imum steédyustate efficiency. The on/off controllers, in general, did

slightly better with the on/off controllers with timers achieving the

best efficiency since they run the pumps for the longest amount of time.
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It is doubtful that any other type of controller could do better under
similar conditions. During periods of dinterrupted insolation though,
neither proportional nor on/off controllers respond well to rapid
changes in the insolation rate and the collection efficiency falls well

below the maximum possible.

Proportionally-controlled collectors can collect more energy during
periocds of interrupted insolation and/or very low insolation than
on/off=controlled systems; because the proportional controller is wmore
sensitive to changes in dinsolation and awmbient temperature than the
on/off controller. This sensitivity also causes the proportional con=
troller to maintain a lower average flow rate and thus operate the col-
lector at higher temperatures. While decreasing collection efficiency,

this may improve storage stratification and overall system performance.

The on set point, AT

on? for an on/off controller can have a minimal
effect on energy collection as long as it is not so high that the col-
lector pump does not come on untll late in the morning. This is because
of the collector’s capacitance, which allows the collector to store
energy whnen the fluid is not circulating; energy which can be later
released into the fluid. The fact that the collector acts as a storage
device, also leads to the vesult that low to moderate cycling of the
pump has a minimal effect on energy collection. The effects of collec-

tor capacitance are important and cannot be considered in steady-state

analysis.

The proportional controller set point for maximum flow is found to have
an effect on energy collection. If this point is too high, the flow

rate will never reach maximum and thus losses to ambient are increased.
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However, 1f the set point is too low, the proportional controller’s sen-
sitivity will be lost and the controller will act as a bang-bang con~-

troller.

The off set point for on/off and proportional control has simple cri-
teria; that energy collected exceed parasitic pumping power and that the
point selected meet sensor error requirements. The on set point, how-
ever, does not have simple criteria and can be defined only within a

broad range.

Parasitic power required to run a circulating pump does not appear to be
significant for either on/off or proportional controllers unless a large

pump-motor is required, such as in a large drain down system.
CONCLUSIONS

The implications of this study for the design and evaluation of propor=
tional and on/off control are two fold. First, the difference between a
steady-state and a dynamic analysis of control strategies 1s signifi-
cant. Future work in modeling control systems mus% consider collector
capacitance in order to accurately describe the transient response of
the fluid temperature. Second, neither on/off nor proportional control
performs best for all conditions. Whether on/off or proportiomal con-
trol should be implemented is dependent on the weather conditions in the
location being considered. It is hoped that the results of this
analysis will be used as a guideline to indicate the general meteorolog-
ical and flow rate conditions for which on/off or proportional control

can be more advantageous.
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Further work in fhe comparison of on/off and proportional control should
include: 1) additional simulation studies using this or an improved
dynamic solar system model which includes load loop dynamics, 2) experi-
mental testing of the control strategies on facilities which can dupli-
cate meteorological and load conditions for comparisons and 3) field

tests.
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TABLE T: SUMMARY OF COLLECTOR PARAMETERS AND SIMULATION  RUNS
CAPACITANCE HIGH GAIN HIGH FLOW
- 2.0 _ 2_
Cp = .7 BIU/FL™-TF Lax = 300 BTU/ft"-hr

14.3 ki/m2-¢

COLLECTOR LOSS
COEFFICIENT

U, = .7 BTU/Ft-hr-OF

L
3.97 watts/mzaoc

TRANSMITTANCE/
ABSORPTANCE

To = 0,84

Clear Day Runs

946 watts/m2

473 wa‘tts/m2

INLET FLUID TEMPERATURE

fic /A (max) = 25 BTU/ft2-hr-CF
511 kd/m?-hr-2C

T = 709F
a{max) 21.1%

LW GAIN LOW FLOW

I =150 BTU/ft2-hr  thc /A (max) = 15 BTU/ftZ-hr-CF
max p/ flg WHORS

306 kd/m2-hr-2C

FIN EFFICIENCY

- 0
T, = 115%F
46.1°¢C

F'' = ,95 (flow)

1.0 (no flow)

SUMMARY OF SIMULATION RUNS

I= Imax(sinﬁt/XZ)

RUN # 1 2 3 4
GAIN: HIGH HIGH LOW LOW
FLOW: HIGH LOW HIGH

Cloudy Day Runs

LOW

I-= [Imax/Z][sin(Ht/]2)][cos(40ﬁt/12) + 1]

RUN # 1 2 3 4

GAIN:
FLOW:

HIGH HIGH LOW LOW

HIGH LoW HIGH LOW



TABLE II: CONTROLLER STRATEGY COMPARISONS 12 Hour Totals

CONTROL STRATEGY HIGH GATHS HIGH GAIN LOW GAKNG LOW GAIR HIGH GAIN HIGH GAIN LOW GAIN LOW GAIN
nich FLow® Lo FLOWS KIGH FLOW LOW FLOW HIGH FLOW LW FLOW HIGH FLOW LOW FLOW
CLEAR DAY CLEAR DAY CLEAR DAY CLEAR DAY CLOUDY DfW@ CLOUDY DAY CLOUDY DAY CLOUDY DAY
HMax imum
Steady-State 65.7 65.7 39.5 39.5 56.1 56.1 25.5 26.5
Efficiency(3)
efficlency(%) 60.3 59.6 35.0 34.¢ 45,2 45.2 8.6 B.S
ON/JOFF pumping 8.72 9.27 2.76 5.88 3.34 3.83 L3 .438
on=g% (50c) time{hours] :
0¥f=3GF(1.7OC) times cycled 10 2 63 10 14 12 4 10
ON/OFF efficiency(%) 59.7 59.1 31.9 33.9 44,1 44.2 5.2 5.4
0n=21"F{11.7%C)pumping 8.39 8.98 1,39 5,44 2.47 2.92 0.095 0.16
UffxBOFQK.?DC? timel{hours)
times cycled 8 2 22 & 12 18 2 2
ON/OFF "“:“ efficiency(%) 60.5 59,9 35.7 35.3 - - - -
perfect timer pumping 9.87 9.88 7.68 7.69 -- . -- -
0n=90F time {hours)
s¢C times cycled [¢] 0 4] 0 o s .- -
ONJOFE WIth  eticiency(s) 60.4 89.8 - 355 35.1 -- - -- -
perfect LImer  umping 9.71 9.72 7.38 7.39 -- - - -
On=21 FU © time{hours)
.77 times cycled 4] 4] [i] [¢] . . . .
PROPORTIONAL  efficlency{%) 60.2 59.7 35.0 34.7 45.4 45.0 9.6 9.5
Fyull 0n=9§? pumping time 7.54 8.85 3.58 4.63 3.20 4.03 .52 0.72
off 302 {equiv. hours)
1.7% times cycled 0 4] 0 0 ¢} 3] il 1]
PROPORTIONAL  efficiency(%) 59.6 59.0 34.4 33.9 44.8 44.3 9.4 9.1
Full Gn=ZIB%A pumping time 4.92 6.33 2.38 3.01 2.16 2.84 0.38 0.51
off = 3 ;‘7 C {equiv. hours)
1.7% times cycled 0 0 g 4] 0 0 0 ]
a) high gain: insolation = 2292 BTU/ftZ-da¥ c) tow flow = 15 th/hr-ftg inlet temperature = 115°g
7224 wapt-hrs/m -day 73.2 kg/hr-m 46.31°C
ambient temp. = 44.4° - JO°F - el ©
6.89° - 21.1% d) low gain: insolation=1146 BTU/ftZ day collector capaicitance = .7 BT/ ft,- F
, 3612 watt-hys/m -day 18.3 %y /m"-7C
b} high flow = 25 Tbm/hr-£§ ambient temp.= 32,97 - 30°F collector loss coefficient = .7 BTU/ftZ—hr-OF
122 kg/nhr-m 57 - 107C 20
3.97 watts/m“-"C

¢) for cloudy day cases, the total insolation is half of the clear day values given in {a) and {d)

mg'"[m



NOMENCLATURE
Ca Effective value of collector capacitance, per
unit collector area
Cp Thermal capacitance of circulating fluid
F° Plate fin efficiency factor
K Proportionality constant for proportional controllers
Kflow Represents the fluid flow rate, per unit area
gain Represents the collector®s gain from insolation and
losses to the environment, per unit area
m Fluid mass flow rate
] Rate of absorption of solar insolation by collector plate, per unit area
t Time
Ta Ambient temperature
™ Ambient temperature calculation constant
TO Ambient temperature calculation constant
Tst Fluid temperature at position x
T, Inlet fluid temperature
out Outlet fluid temperature
UL Collector loss coefficient, per unit area
WC Width of collector in the direction of flow
X Displacement in flow direction
Pump control indicator
Ammax Temperature across collector at which flow rate
saturates to 1ts maximum, for proportional control
éﬂoff Temperature rise across the collector sufficient
to turn off the pump
Aion Temperature rise across the collector sufficient

to turn on the pump
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